The transient turbulent heat transfer coefficients in a short vertical Platinum test tube were systematically measured for the flow velocities (u=4.0 to 13.6 m/s), the inlet liquid temperatures (T in =296.93 to 304.81 K), the inlet pressures (P in =794.39 to 858.27 kPa) and the increasing heat inputs (Q 0 exp(t/τ), exponential periods, τ, of 18.6 ms to 25.7 s) by an experimental water loop comprised of a multistage canned-type circulation pump with high pump head. The Platinum test tubes of test tube inner diameters (d=3 and 6 mm), heated lengths (L=66.5 and 69.6 mm), effective lengths (L eff =56.7 and 59.2 mm), ratios of heated length to inner diameter (L/d=22.16 and 11.6), ratios of effective length to inner diameter (L eff /d=18.9 and 9.87) and wall thickness (δ=0.5 and 0.4 mm) with average surface roughness (Ra=0.40 and 0.45 μm) were used in this work. The surface heat fluxes between the two potential taps were given the difference between the heat generation rate per unit surface area and the rate of change of energy storage in the test tube obtained from the faired average temperature versus time curve. The heater inner surface temperature between the two potential taps was also obtained by solving the unsteady heat conduction equation in the test tube under the conditions of measured average temperature and heat generation rate per unit surface area of the test tube. The transient turbulent heat transfer data for Platinum test tubes were compared with the values calculated by authors' correlation for the steady state turbulent heat transfer. The influence of inner diameter (d), ratio of effective length to inner diameter (L eff /d), flow velocity (u) and exponential period (τ) on the transient turbulent heat transfer is investigated into details and the widely and precisely predictable correlation of the transient turbulent heat transfer for heating of water in a short vertical tube is given based on the experimental data and authors' studies for the transient critical heat fluxes (CHFs) of subcooled water flow boiling in a short vertical tube caused by exponentially, ramp-wise and stepwise increasing heat inputs. The correlation can describe the transient turbulent heat transfer coefficients obtained in this work for the wide range of the temperature difference between heater inner surface temperature and average bulk liquid temperature, ΔT L , of 10 to 160 K with d=3 to 6 mm, L eff /d=9.87 to 18.9, u=4.0 to 13.6 m/s and τ=18.6 ms to 25.7 s within ±15 % difference.
to clarify the onset of subcooled nucleate boiling, subcooled boiling heat transfer and DNB (departure from nucleate boiling) in transient operation mode for a nuclear fusion facility, whose knowledge is important to discuss the mechanism of subcooled flow boiling critical heat flux. The nuclear fusion facility has two operation modes. One is the steady-state operation mode, and the other one is the transient one. The plasma facing material in transient operation mode is exposed to a heat load three times larger or more than during steady-state operation for several seconds. The knowledge of transient high heat flux heat removal with various plasma waveform becomes very important to take the heat out of the plasma facing material. Some researchers have experimentally studied the transient turbulent heat transfer in pipes and given the correlations for calculating transient turbulent heat transfer coefficients (1) - (2) .
For many years we have systematically measured the turbulent heat transfer coefficients for the flow velocities (u=4.0 to 21 m/s), the inlet liquid temperatures (T in =296.5 to 353.4 K), the inlet pressures (P in =810 to 1014 kPa) and the increasing heat inputs (Q=Q 0 exp(t/τ), τ=10, 20 and 33.3 s) by an experimental water loop. The Platinum test tubes of inner diameters (d=3, 6 and 9 mm), effective lengths (L eff =32.7 to 100 mm), ratios of effective length to inner diameter (L eff /d=5.51 to 33.3) and wall thickness (δ=0.3, 0.4 and 0.5 mm) with surface roughness (Ra=0.40 to 0.78 μm) were used. The influence of Reynolds number (Re d ), Prandtl number (Pr), dynamic viscosity (μ l ) and L eff /d on the turbulent heat transfer was investigated into details, and the widely and precisely predictable correlation of the turbulent heat transfer for heating of water in a short vertical tube was given based on the experimental data (3) . The correlation can describe the turbulent heat transfer coefficients obtained for the wide range of the temperature differences between heater inner surface temperature and liquid bulk mean temperature (ΔT L =5 to 140 K) with d=3, 6 and 9 mm, L eff =32.7 to 100 mm and u=4.0 to 21 m/s within ±15 % difference. Quite recently, we have systematically measured the twisted-tape-induced swirl flow heat transfer due to exponentially increasing heat inputs with various exponential periods (Q=Q 0 exp(t/τ), τ=7, 14 and 23 s) and the twisted-tape-induced pressure drop with mass velocities, G, ranging from 4022 to 15140 kg/m 2 s by an experimental water loop flow.
Measurements were made on a 59.2 mm effective length which was spot-welded two potential taps on the outer surface of a 6 mm inner diameter, a 69.6 mm heated length and a 0. 4 
Experimental Apparatus and Method

Experimental Water Loop
The schematic diagram of experimental water loop comprised of the pressurizer is shown in Fig. 1 . The loop is made of SUS304 stainless steel and is capable of working up to 2 MPa. The loop has five test sections whose inner diameters are 2, 3, 6, 9 and 12 mm. Test sections were vertically oriented with water flowing upward. The test sections of the inner diameters of 3 and 6 mm were used in this work. The circulating water was distilled and deionized with about 0.2-μS/cm specific resistivity. The circulating water through the loop was heated or cooled to keep a desired inlet temperature by pre-heater or cooler. The flow velocity was measured by a mass flow meter using a vibration tube (Nitto Seiko, CLEANFLOW 63FS25, Flow range=100 and 750 kg/min). The mass velocity was controlled by regulating the frequency of the three-phase alternating power source to the canned type circulation pump (Nikkiso Co., Ltd., Non-Seal Pump Multi-stage Type VNH12-C4 C-3S7SP, pump flow rate=12 m 3 /h, pump head=250 m) with an inverter installed a 4-digit LED monitor (Mitsubishi Electric Corp., Inverter, Model-F720-30K). The pump input frequency shows the net pump input power and pump discharge pressure free of slip loss. The water was pressurized by saturated vapor in the pressurizer in this work. The pressure at the outlet of the test tube was controlled within ±1 kPa of a desired value by using a heater controller of the pressurizer.
Test Section
The cross-sectional view of 3 and 6 mm inner diameter test sections used in this work is shown in 6 mm, the heated lengths, L, of 66.5 and 69.6 mm and the commercial finish of inner surface were mainly used in this work. The Platinum test tube is highly sensitive for a resistance thermometry. Wall thickness of the test tubes, δ, were 0.5 and 0.4 mm. Two fine 0.07-mm diameter platinum wires were spot-welded on the outer surface of the test tube as potential taps. The effective lengths, L eff , of the test tubes between the potential taps on which heat transfer was measured were 56.7 and 59.2 mm, respectively. The silver-coated 5-mm thickness copper-electrode-plates to supply heating current were soldered to the surfaces of the both ends of the test tube. The both ends of test tube were electrically isolated from the loop by Bakelite plates of 14-mm thickness. The inner surface condition of the test tube was observed by the scanning electron microscope (SEM) photograph (JEOL JXA8600) and inner surface roughness was measured by Tokyo Seimitsu Co., Ltd.'s surface texture measuring instrument (SURFCOM 120A). Figure 3 shows the SEM photograph of the Platinum (Pt) test tube for d=6 mm with commercial finish of inner surface. The values of inner surface roughness for Ra, Rmax and Rz were measured 0.45, 2.93 and 1.93 μm respectively.
Method of Heating Test Tube
The Pt test tubes have been heated with an exponentially increasing heat input supplied from a direct current source (Takasago Ltd., NL035-500R, DC 35 V-3000 A) through the two copper electrodes shown in 
Measurement of Heat Flux, Temperature and Pressure for Test Tube
The average temperature of the Pt test tube, 
These voltages were simultaneously sampled at a constant interval ranging from 120 μs to 200 ms. The average temperature between the potential taps of the Pt test tube was calculated with the aid of previously calibrated resistance-temperature relation, R T (t)=a(1+b
). The heat generation rate between the potential taps of the Pt test tube, Q(t)V=I 2 
(t)R T (t), was calculated from the measured voltage difference between the potential taps of the Pt test tube and the standard resistance, V R (t) and V I (t).
The surface heat flux is the difference between the heat generation rate per unit surface area, Q(t), and the rate of change of energy storage in the Pt test tube obtained from the faired average temperature versus time curve as follows:
where ρ, c, V and S are the density, the specific heat, the volume and the inner surface area of the Pt test tube, respectively. The heater inner surface temperatures between the two potential taps, T s (t), were also obtained by solving the unsteady heat conduction equation in the test tube under the conditions of measured average temperature, (t) T , and heat generation rate per unit surface area, Q(t), of the test tube. All the calculations of the inner surface temperature were made by using the PHOENICS code (6) . Basic unsteady two-dimensional heat conduction equation
for the test tube is as follows: 
Then integration yields and the mean temperature of the test tube is obtained. 
In case of the 3 and 6-mm inner diameter test sections, before entering the test tubes, the test water flows through the tube with the same inner diameter of the Pt test tube to form the fully developed velocity profile. The entrance tube lengths, L e , are given 240 and 333 mm (L e /d=80 and 55.5), respectively. The values of L e /d for d=3 and 6 mm in which the center line velocity reaches 99 % of the maximum value for turbulence flow were obtained ranging from 9.8 to 21.9 by the correlation of Brodkey and Hershey (7) as follows:
The inlet and outlet liquid temperatures were measured by 1-mm o.d., sheathed, K-type thermocouples (Nimblox, sheath material: SUS316, hot junction: ground, response time (63.2 %): 46.5 ms) which are located at the centerline of the tube at the upper and lower stream points of 262 and 53 mm from the tube inlet and outlet points for the 3-mm inner diameter test section, and at those of 283 and 63 mm from those points for the 6-mm inner diameter one. The inlet and outlet pressures were measured by the strain gauge transducers (Kyowa Electronic Instruments Co., Ltd., PHS-20A, Natural frequency: approximately 30 kHz), which were located near the entrance of conduit at upper and lower stream points of 53 mm from the tube inlet and outlet points for d=3-mm inner diameter test section, and at those of 63 mm from those points for d=6-mm inner diameter one. The thermocouples and the transducers were installed in the conduits as shown in Fig. 2 .
The inlet and outlet pressures for the 3 and 6-mm inner diameter test sections were calculated from the pressures measured by inlet and outlet pressure transducers as follows:
where L ipt =0.053 m and L opt =0.053 m for the 3-mm inner diameter test section, and L ipt =0.063 m and L opt =0.063 m for the 6-mm inner diameter one. Experimental errors are estimated to be ±1 K in inner tube surface temperature and ±2 % in heat flux. Mass velocity, inlet and outlet subcoolings, inlet and outlet pressures, and exponential period were measured within the accuracy ±2 %, ±1 K, ±4 kPa and ±2 % respectively.
Experimental Results and Discussion
Experimental Conditions
Transient heat transfer processes on the Pt test tube that caused by the exponentially increasing heat inputs, Q 0 exp(t/τ), were measured. The exponential periods, τ, of the heat input ranged from 18.6 ms to 25.7 s. The decrease of the exponential period means an increase in the rate of increasing heat input. The initial experimental conditions such as inlet flow velocity, inlet liquid temperature, inlet pressure and exponential period for the flow boiling heat transfer experiment were determined independently each other before each experimental run.
The experimental conditions were as follows:
Heater (1) up to the boiling initiation point. For the τ of 28.2 ms, the experimental data at the boiling initiation point in Fig. 8 are 44.1 % higher than the value derived from Eq. (1) with u=3.98 m/s at a fixed temperature difference between heater inner surface temperature and liquid bulk mean temperature (ΔT L =constant), and 62.7 K lower than the value derived from Eq.
Transient
(1) at a fixed heat flux (q=constant). takes time to form the fully developed temperature profile in the test tube because the test tube has some heat capacity. Then the temperature profile in the thermal boundary layer on the test tube surface grows. Namely, it is explained to be as a result of the time lag of the formation of the transient turbulent heat transfer for the increasing rate of the heat input.
Transient Turbulent Heat Transfer Coefficient
The relation between h and τ in Fig. 9 is rewritten on log (nusselt number, Nu d ) versus log (non-dimensional exponential period, p*) graph in Fig. 10 ) and the flow velocities (u=4.0 to 13.3 m/s) at 140.99 K≤ΔT sub,in ≤147.36 K within ±15 % difference as shown in Fig. 13. 
Conclusions
The transient turbulent heat transfers in the Pt test tubes of inner diameters (d=3 and 6 mm), effective lengths (L eff =56.7 and 59.2 mm), L eff /d=18.9 and 9.87, wall thickness (δ=0.5 and 0.4 mm) and surface roughness (Ra=0.40 and 0.45 μm) were systematically measured for the flow velocities (u=4.0 to 13.6 m/s), the inlet liquid temperatures (T in =296.93 to 304.81 K), the inlet pressures (P in =794.39 to 858.27 kPa) and the increasing heat inputs (Q 0 exp(t/τ), τ=18.6 ms to 25.7 s). Experimental results lead to the following conclusions.
1) The heat fluxes for τ=6.51 s gradually become higher with an increase in the temperature difference between heater inner surface temperature and liquid bulk mean temperature, ΔT L (=T s -T L ), on the steady-state turbulent heat transfer curve derived from Eq.
(1) up to the boiling initiation point. In case of the τ lower than around 124.8 ms, the heat fluxes gradually become higher with an increase in the ΔT L on the higher curve derived from Eq. (1). For the τ of 28.2 ms, the experimental data at the boiling initiation point are 44.1 % higher than the value derived from Eq. (1) with u=3.98 m/s at a fixed temperature difference between heater inner surface temperature and liquid bulk mean temperature (ΔT L =constant), and 62.7 K lower than the value derived from Eq. (1) at a fixed heat flux (q=constant).
2 3) The ratios of transient turbulent heat transfer data for wide exponential period (478 points) to the corresponding values calculated Eq. (1) are almost constant for the non-dimensional exponential period greater than around 300 and equivalent to unity, and it becomes gradually higher with the decrease in non-dimensional exponential period from around 300. And the value of the transient turbulent heat transfer almost becomes two times as large as the steady state one at the non-dimensional exponential period of 16.59. This correlation can describe not only the transient turbulent heat transfer data (422 points) for d=6 mm inner diameter but also those for d=3 mm inner diameter (56 points) under the wide ranges of the non-dimensional exponential periods (p*=20.6 to 1.30×10 5 ) and the flow velocities (u=4.0 to 13.3 m/s) at 140.99 K≤ΔT sub,in ≤147.36 K within ±15 % difference.
